The wood mouse Apodemus sylvaticus is an opportunistic rodent that is found throughout most of the European mainland. It is present on many islands around the margins of the continent and in northern Africa. The species has been the subject of previous phylogeographical studies, although these have focussed on the more southerly part of its range. A substantial number of new samples, many of them from the periphery of the species' range, contribute to an exceptional dataset comprising 981 mitochondrial cytochrome b sequences. These new data provide sufficient resolution to transform our understanding of the survival of the species through the last glaciation and its subsequent re-colonization of the continent. The deepest genetic split that we found is in agreement with previous studies and runs from the Alps to central Ukraine, although we further distinguish two separate lineages in wood mice to the north and west of this line. It is likely that this part of Europe was colonized from two refugia, putatively located in the Iberian peninsula and the Dordogne or Carpathian region. The wood mouse therefore joins the growing number of species with extant populations that appear to have survived the Last Glacial Maximum in northern refugia, rather than solely in traditionally recognized refugial locations in the southern European peninsulas. Furthermore, the existence of a northern refugium for the species was predicted in a study of mitochondrial variation in a specific parasite of the wood mouse, demonstrating the potential value of data from parasites to phylogeographical studies. Lastly, the presence of related haplotypes in widely disparate locations, often on islands or separated by substantial bodies of water, demonstrates the propensity of the wood mouse for accidental human-mediated transport.
INTRODUCTION
The wood (or field) mouse Apodemus sylvaticus (Linnaeus, 1758) is one of several European representatives from a genus that is distributed across the Palaearctic region (Musser & Carleton, 2005) . The wood mouse shares much of its range with the closely-related yellow-necked mouse Apodemus flavicollis (Melchior, 1834) , although it is found in many locations around the western margins of the *Corresponding author. E-mail: J.Herman@nms.ac.uk continent and in North Africa, whereas the yellownecked mouse reaches further east into western Asia (Montgomery, 1999a, b; Amori et al., 2008; Schlitter et al., 2008) . Although the wood mouse is often associated with temperate woodland, it is highly adaptable and opportunistic, and is found in a wide range of habitats, including forests, hedgerows, fields, grassland, gardens, and dunes (Flowerdew & Tattersall, 2008) .
The phylogeography of this very numerous and widely distributed European species has been investigated previously in a number of studies (Michaux et al., 2003; Michaux, Libois & Filippucci, 2005; Hoofer et al., 2007; Lalis et al., 2016) , based on various series of mitochondrial cytochrome b (cyt b) gene sequences. Unsurprisingly, given the emphasis at that time on Mediterranean peninsulas as glacial refugia and as the source of populations that colonized northern Europe in the Holocene (Taberlet et al., 1998; Hewitt, 1999) , the earlier work was focused on the southern part of the continent and few data were related to the northern and more peripheral parts of the species' range (Michaux et al., 2003) . Subsequently, more northerly glacial refugia have been identified as the source of contemporary populations in several temperate European mammal species (Deffontaine et al., 2005; Kotl ık et al., 2006; Vega et al., 2010; W ojcik et al., 2010; McDevitt et al., 2012) , and it is now widely accepted that the Mediterranean peninsulas were often harbours of endemic diversity, rather than sources for subsequent population expansion (Bilton et al., 1998) . In the present study, we have 454 new cyt b sequences from these more northerly and peripheral locations, whereas another recent study provides a large volume of data from North Africa (Lalis et al., 2016) , such that sampling now covers most of the species' range. This impressive dataset now includes 981 wood mouse cyt b sequences and 543 haplotypes.
In addition, the field of phylogeography has developed considerably since these earlier studies, and we have applied modern techniques and assumptions to the analysis of the data. In particular, there is now a radically altered understanding of the timing of phylogeographical events, following the realization that molecular clock rates are time dependent (Ho et al., 2005) , when measured over the recent timescales that apply to studies of intraspecific genetic variation. This has led to an appreciation of the need for calibrations that are directly based on the data themselves, or at least on equivalent data from other species, rather than deep interspecific splits that are associated with fossils of known age (Ho et al., 2005 (Ho et al., , 2011 Ho & Larson, 2006) . In the present study, we have used a mitochondrial cyt b clock rate that was directly estimated from 23 radiocarbon dated sub-fossil samples of another rodent, the common vole Microtus arvalis (Mart ınkov a et al., 2013) . These remains were obtained from archaeological sites in Orkney and were therefore deposited over a timescale similar to that likely to operate here and under the specific climatic background of the later Pleistocene and Holocene in Europe.
The wood mouse is present on numerous islands around the Atlantic coasts of Europe, including those of the British Isles, as well as those of the Mediterranean Sea (Corbet, 1978; Montgomery, 1999b) . By contrast, the closely-related yellow-necked mouse is found in much of the wood mouse mainland European range, although it is recorded from far fewer island locations (Montgomery, 1999a) . The prevalence of the wood mouse on islands, and its close association with human activities, led to the realization that it had been introduced, presumably by accident, to the islands around Britain during the Holocene (Corbet, 1961; Berry, 1969) . Accordingly, the frequencies of non-metrical skeletal characters in island and mainland populations were used as a proxy for genetic variation, aiming to infer the source of the introductions of wood mice and other island mammals (Berry, Evans & Sennitt, 1967; Berry, 1969 Berry, , 1973 . The results of these studies appeared to implicate Viking settlers from Scandinavia in the introduction of these species to the islands around Britain, a conclusion that has been confirmed more recently with molecular data from the western house mouse Mus musculus domesticus Schwarz and Schwarz, 1943 (Searle et al., 2009a; Jones et al., 2012 Jones et al., , 2013 . These analyses of phenotypic characters share a common goal with many of the phylogeographical analyses that have subsequently been developed with the aim of placing genetic variation in its historical and geographical context.
Given the number of these island wood mouse populations, accidental human introductions may have played an important role in the dispersal of the species at the margins and, by implication, elsewhere in its range. Despite the earlier studies using nonmetrical characters, this aspect of post-glacial colonization has received little attention in previous phylogeographical studies of the wood mouse, other than a recent study focusing on the North African range of the species (Lalis et al., 2016) . This may be a result of their bias towards the Mediterranean peninsulas and the more central European mainland (Michaux et al., 2003 Hoofer et al., 2007) . In addition to range-wide European phylogeographical reconstruction, the present study therefore seeks to examine the role of human introductions in the postglacial spread of the wood mouse.
MATERIAL AND METHODS
Genomic DNA was extracted from 407 frozen or ethanol preserved tissue samples and from 47 preserved skins or dried soft tissue adhering to skulls, using commercially available extraction kits (DNeasyâ; Qiagen). In the case of frozen or ethanol preserved tissues, the entire 1140-bp cyt b gene was generally amplified in a single polymerase chain reaction (PCR) using standard protocols and primers that were originally adapted for Microtus voles (Jaarola & Searle, 2002) but are also effective for other mammals including Apodemus. In a limited number of cases, a shorter segment of the cyt b gene (usually trimmed to 818 bp) was amplified using primers developed for Apodemus (Michaux et al., 2003) . For museum skins and other dried tissue, the cyt b gene was amplified using a protocol designed for this type of material, along with a suite of new or previously published primers (see Supporting information, Table S1 ) (Conroy & Cook, 1999; Michaux et al., 2001; Jaarola & Searle, 2002; W ojcik et al., 2010) . Museum skins yield reduced amounts of DNA, which is also more fragmented; therefore, the gene was amplified in five overlapping fragments of approximately 230-360 bp. Negative controls, with no tissue in the DNA extraction and no template DNA in the PCR, were included in each procedure.
Sequencing was carried out in commercial facilities, using primers listed in the Supporting information (Table S1 ). For DNA amplified from frozen or ethanol preserved tissue samples, the two PCR primers and two newly designed internal primers were initially used, although only the two internal primers were used latterly. For DNA amplified from skins or other dried tissue, the PCR primers were used. Sequences for all new haplotypes reported in the present study have been deposited in the GenBank database (KX159497-KX159717) and, where available, voucher specimens are preserved in either the National Museums of Scotland or the Mammal Research Institute, Polish Academy of Sciences.
An alignment was prepared from the 454 new sequences that were generated in the course of the present study, together with 527 previously published sequences from the species, using SEAVIEW, version 4.5.4 (Gouy, Guindon & Gascuel, 2010) . Details of all sequences, including source, sample material, geographical locality, GenBank and voucher reference numbers, are provided in the Supporting information (Table S2) . Most of the previously published sequences are considerably shorter than the complete 1140-bp cyt b gene amplified in the present study; therefore, the lengths of sequences are also included. There has been some confusion in earlier literature (Michaux et al., 2003 Lalis et al., 2016) regarding data for some of the published sequences. The anomalies have been corrected in the course of the present study and the list of data in the Supporting information (Table S2 ) may be taken as being definitive for all the A. sylvaticus cyt b sequences that are available in the GenBank database at the time of writing.
Haplotypes were determined using ARLEQUIN, version 3.5 (Excoffier & Lischer, 2010) and subsequent visual checking of alignments with SEAVIEW, version 4.5.4. Sequences differing only by missing calls were initially defined as separate haplotypes, which were used in the phylogenetic reconstruction. These haplotypes are shown in the complete list of specimens (see Supporting information, Table S2 ). For geographical analysis (see below), sequences differing only by missing nucleotide data were defined as the same haplotype.
JMODELTEST, version 2.1.7 (Darriba et al., 2012 ) was used to compare a range of GTR-nested nucleotide substitution models, with or without unequal base frequencies and a gamma distribution of rates across sites. The best model was selected and used in subsequent phylogenetic and population genetic analyses, based on decision theory (DT) or Bayesian information criterion (BIC), depending on the particular method employed in these analyses.
A maximum likelihood (ML) tree was inferred from the 543 haplotypes with PHYML, version 3.0 (Guindon et al., 2010). The substitution model was Tamura-Nei+G (Tamura & Nei, 1993) , a single transition and two transversion rates with gamma distribution across sites and unequal base frequencies, selected according to the DT (above). The outgroup used was A. flavicollis, which is included within the same subgenus Sylvaemus as A. sylvaticus (Michaux et al., 2002; Suzuki et al., 2008) . Branch support was quantified by the Shimodaira-Hasegawa-like test (SH-aLRT) implemented in PHYML, version 3.0 , a nonparametric version of the approximate likelihood ratio test (aLRT) (Anisimova & Gascuel, 2006) . The SH-aLRT is based on the Shimodaira-Hasegawa multiple tree comparison procedure (Shimodaira & Hasegawa, 1999) . It makes use of intermediate likelihood values from the original ML tree search and, consequently, offers a fast alternative to bootstrap support values, which require the inference of many replicate ML trees (Anisimova et al., 2011) . The SH-aLRT has slightly more power and is almost as conservative as the standard nonparametric bootstrap procedure, at least for support thresholds down to 0.8 (Anisimova et al., 2011) ; therefore, the interpretation of support values from the two methods will be similar.
Nuclear mitochondrial translocations (numts) were unwittingly included in previous phylogenetic analyses of Apodemus cyt b gene sequences (Martin et al., 2000; Reutter et al., 2003; Suzuki et al., 2008) ; however, their presence and characteristics have subsequently been established (Dubey et al., 2009) . The newly prepared alignment was therefore checked for anomalous sequences, containing nonsense codons, stop codons or shifts of the reading frame because these might represent numts. In addition, another ML tree was inferred, using the whole A. sylvaticus cyt b alignment together with outgroup sequences from four other members of the subgenus Sylvaemus and four A. sylvaticus numt sequences available from GenBank, aiming to ensure that our cyt b alignment did not contain any sequences similar to these previously identified numts.
Reticulating networks may be more effective than bifurcating trees with respect to recovering intraspecific patterns of genetic variation (Posada & Crandall, 2001 ). Minimum-spanning and medianjoining algorithms (Bandelt, Forster & R€ ohl, 1999) , both implemented in POPART, version 1.7 (http:// popart.otago.ac.nz), were used to infer networks from all of the 981 cyt b sequences (see Supporting information, Table S2 ). The reticulating network was then compared with the ML tree to confirm the structure and to identify any additional information about the relationships among lineages.
The genetic structure, as identified in the ML tree, was tested by analysis of molecular variance (AMOVA), based on genetic distances within and among the mitochondrial lineages, using ARLE-QUIN, version 3.5. Percentages of variation and Φ ST were calculated and their significance tested with 10 000 permutations of individuals among lineage populations. In addition, Φ ST was calculated for each pairwise comparison of lineage populations, with significance again tested using 10 000 permutations.
Genetic variation in lineage populations was examined using a range of analyses available in DNASP, version 5.10.01 (Librado & Rozas, 2009) . Nucleotide diversity (p), the average number of pairwise differences (per site) between sequences, was calculated for each lineage and its SD was computed as the root of the variance. Two test statistics, D (Tajima, 1989) and F S (Fu, 1997) were also calculated for each lineage to identify episodes of possible recent demographic expansion in them. The significance of Tajima's D statistic was determined from published confidence limits with a b-distribution (Tajima, 1989) , whereas the significance of Fu's F S was determined using null distributions obtained from 1000 coalescent simulations.
The frequency distributions of pairwise nucleotide site differences (mismatches) were obtained for each lineage using ARLEQUIN, version 3.5, aiming to determine whether the population had passed through a recent demographic expansion. A sudden demographic expansion leads to a unimodal mismatch distribution that can be described by a model with three parameters, which are composed of the mutation rate together with the time since expansion (s), and the population size before (h 0 ) and after (h 1 ) the event (Rogers & Harpending, 1992) . These were calculated using a generalized least-square approach (Schneider & Excoffier, 1999) and the expected distribution was compared with the observed one graphically and by computing the sum of squared deviations (SSD) between the two distributions and the raggedness index (r). Significance of the SSD and r, together with confidence intervals for the s parameter, were obtained by re-calculating them for each distribution obtained from 10 000 coalescent simulations that used the original estimated parameters of the demographic expansion. An indication of the relative time of expansion was obtained for each lineage, by comparing the values of nucleotide diversity (p) and the mismatch s parameter from each of them.
More sophisticated demographic analyses were carried out using Bayesian Markov chain Monte Carlo (MCMC) simulations in BEAST, version 2.3.1 (Bouckaert et al., 2014) . Individual coalescent genealogies and skyline models of the effective population size for female voles belonging to each of the six identified mitochondrial lineages were co-estimated using a shared model of sequence evolution. Separate genealogies and demographic models are appropriate for these distinct female lineage populations, which are presumed to be independent and the result of distinct population expansions, because this takes account of genetic structure within the overall population of the species. The number of groups in the skyline model for each lineage was based on the (unequal) number of sequences within them. The shared substitution model used was the Tamura-Nei+G (Tamura & Nei, 1993) , as selected using the BIC in JMODELTEST, version 2.1.7. Base frequencies, kappa values for transition/transversion rates, and the a parameter of the gamma distribution of rates were all estimated along with the other parameters of the model. The molecular clock rate was fixed at 3.27 9 10 À7 substitutions site À1 year
À1
, which was previously estimated from radiocarbon dated sequences of another rodent, the common vole Microtus arvalis (Mart ınkov a et al., 2013). A strict molecular clock was used, given that the sequences are from a single species and there should be little variation in branch rates. Prior parameter distributions are shown in the Supporting information (Table S3 ) and all simulations were repeated without sequence data to test the joint distributions of parameters obtained with the priors alone and to ensure that the results were not unduly influenced by these.
Posterior parameter distributions were obtained from eight separate MCMC chains that were each run for 100 million generations, using different random seeds, with the first 10 million generations removed as burn-in. Log files from these eight simulations were examined using TRACER, version 1.6 , to check for convergence, based on the posterior distributions and the traces of the values for each parameter. The effective sample size (ESS) for each parameter was at least 200, which is generally considered to be a sufficient sample of the posterior distribution. The log files were combined using LOGCOMBINER in the BEAST, version 2.3.1 package. The posterior distribution, value trace and ESS for each parameter was then examined in the combined file using TRACER, version 1.6 . TRACER, version 1.6 was also used to derive the Bayesian Skyline Plot (BSP), effective female population size over time, for each lineage.
For haplotypes found in more than one geographical location, pairwise geodesic distances (World Geodetic System: WGS84) were calculated between each of these locations. Locations within a single land mass or island archipelago were collapsed to their mean (for two locations) or centroid coordinates. Connections between locations with identical haplotypes were mapped, where these involved sea crossings. Calculations were carried out using R, version 3.2.2 (Hijmans, 2015; R Core Team, 2015) and mapping with QGIS, version 2.0.1 (QGIS Development Team 2004 , using OpenStreetMap coastline data (http://www.openstreetmap.org).
RESULTS
The alignment contained 981 cyt b sequences (see Supporting information, Table S2 ) comprising 543 haplotypes, as defined above. There were 521 haplotypes after collapsing those distinguished only by missing nucleotide data. Most of the species' mainland European range (Montgomery, 1999b) has now been sampled, with substantial coverage of peripheral regions to the west, north, and east, including Iberia, France, Britain, Scandinavia, and Poland. Many of the islands on the Atlantic are now included, with samples from Iceland, Ireland, and 45 of the islands around Britain. In addition, many sequences from North Africa have recently become available (Lalis et al., 2016) . Remaining shortcomings in the coverage are largely confined to the south-eastern part of the wood mouse range and the Mediterranean islands.
There was no evidence for any numts among the sequences investigated in the present study. None of them contained any nonsense codons, nucleotide insertions or deletions that would shift the reading frame, and there were no internal stop codons. All of the wood mouse sequences clustered together in a highly supported (SH-aLRT 1.00) clade within the ML tree that was inferred for the whole alignment together with four Sylvaemus outgroup and four wood mouse numt sequences from GenBank (see Supporting information, Fig. S1 ). Furthermore, the wood mouse clade was less closely associated with the numt sequences than with the outgroup sequences, both of which also clustered into monophyletic groups.
The 543 haplotypes clustered into six distinct lineages within the ML tree ( Fig. 1) and these have been named here according to the geographical distributions of the sampled sequences (Fig. 2) . The south-eastern, Sicilian, and African lineages were previously identified in other studies (Michaux et al., 2003 Lalis et al., 2016) . The central and peripheral lineages are newly identified here, having previously been considered a single homogeneous group (subclade 2b in Michaux et al., 2003) . The Channel Island lineage comprises only two new haplotypes (based on five sequences) from the islands of Sark and Guernsey, off the northern coast of France. A well-supported (SH-aLRT 0.97) node connects the Channel Island and African lineages. Five of the six lineages had strong SH-aLRT support (0.86-0.97) in the ML tree (Fig. 1) . The central lineage was less well-supported, with SH-aLRT of 0.78, which is just below the threshold where the SH-aLRT begins to diverge and become less conservative, albeit remaining substantially more powerful, than the standard bootstrap (Anisimova et al., 2011) .
The 543 haplotypes clustered into five distinct haplogroups in the minimum-spanning and median-joining networks, which were very similar to each other (Fig. 3) . The central and peripheral haplogroups were very closely related to each other, as were the south-eastern and Sicilian haplogroups. Of the central and peripheral haplogroups, the former was more closely related to the south-eastern and Sicilian haplogroups. The African haplogroup was clearly associated with the central haplogroup and included the two haplotypes from the geographically distant Channel Islands of Sark and Guernsey.
An AMOVA, using genetic distances within and among the six lineage populations, showed that most of the variation was attributable to the divergence between the lineages (Φ ST = 0.770, bootstrap 0.05/ 99.95 percentile range 0.643-0.846). Pairwise fixation indices for combinations of the six lineages also lend support to the identified genetic structure (Table 1 ). These ranged from 0.603 to 0.894 and all of them were significant based on 10 000 permutations of individuals among groups.
There is a clear genetic split in the data, which in mainland Europe is geographically aligned from the Alps to central Ukraine (Fig. 2) . This genetic split is apparent in both the ML tree, where it is represented by a deep node within the genealogy (Fig. 1) and in the network, where the split is represented by a branch with multiple mutational steps (Fig. 3) . The split is also apparent from the higher fixation indices for pairs that include either the south-eastern or Sicilian lineage, along with one of the other lineages. The continent to the south of this geographical divide, from the Italian and Balkan peninsulas to Ukraine, is occupied by the south-eastern lineage, together with the more closely-related and endemic Sicilian lineage, whereas, to the north and west, the remainder of Europe is occupied by the central and peripheral lineages, together with the Channel Island lineage (Fig. 2) . The central lineage reaches from the Iberian peninsula in the west to the southern part of the Fennoscandian peninsula in the north. The peripheral lineage is found in predominantly more peripheral locations that extend from Ukraine and Poland in the east to the western European mainland, Scandinavia, the British Isles, and Iceland. There is also one more lineage, the African, found only in the North African part of the species' range.
Nucleotide diversity (p), an indicator of the relative age of the clade in question, is shown for each lineage in Table 2 . The nucleotide diversity is higher in the Sicilian lineage (0.01295) than in the south-eastern, central or peripheral ones (0.00468-0.00597), whereas the African and the Channel Island lineages both have lower diversity (0.00366 and 0.00263).
The graphs of mismatch distributions for the central, peripheral, African, south-eastern, and Sicilian lineages all show the characteristic unimodal pattern that is indicative of a recent demographic expansion. However, the observed distributions of the latter two, and especially the Sicilian lineage, are not so close to the expected sudden expansion distributions with the model parameters (see Supporting information, Fig. S2 ). The mismatch distribution for the Channel Island lineage is bimodal, although the sample size for this group (N = 5) is very small. The SSD from the model distributions are low (0.001-0.014) for all of the lineages other than the Channel Island one (0.365), as expected after a recent demographic expansion, and none of the respective Pvalues indicate a significant departure from the model of recent expansion (Table 2) . Similarly, the low values (0.005-0.028) of the raggedness indices (ri) for all but the Channel Island lineage (0.880) are (4.000-5.395) but somewhat higher (8.000) in the Sicilian lineage and lower (2.875) in the African lineage (Table 2 ). This is broadly in accordance with the relative ages of the lineages from nucleotide diversity. The Tau parameter for the Channel Island lineage is high (6.068), despite its relatively low nucleotide diversity, although the sample size is very small (N = 5). In general, the widths of the 95% confidence intervals for the Tau parameter appear to reflect the sample size (Table 2 ). Tajima's D and Fu's F S statistics were negative for all lineages other than the Channel Island one (Table 2 ). These tests are more sensitive to demographic expansion than the mismatch P-values and all of the negative test statistics were significant, other than Tajima's D for the Sicilian lineage, which is of earlier origin according to the nucleotide diversity (p). There was no signal of recent expansion for the Channel Island lineage, although the sample size was very small.
With the previously estimated rodent cyt b clock rate (3.27 9 10 (Table 3) , as was the case for their Tau parameter values (Table 2 ). This time span is broadly coincident with the cold period around the Last Glacial Maximum (LGM; approximately 21.0 kya; Mix, Bard & Schneider, 2001 ) of the most recent (Weichselian) glaciation of Europe, just before the rapid increase in temperature that marked the beginning of the Bølling-Allerød interstadial (approximately 14.7 kya; Steffensen et al., 2008) . This is consistent with expansion of the three lineages out of three separate late glacial refugia. The tMRCAs for the African lineage (median 7.4 kya) and Channel Island lineage (median 5.6 Kya) are much more recent. The African lineage has a low value for the Tau parameter, in line with the more recent tMRCA, whereas the Channel Island lineage does not. Finally, the tMRCA for the Sicilian lineage is much earlier than the others (median 29.0 kya), as reflected in the higher value of its Tau parameter, All indices were significant (P < 0.05), based on 10 000 permutations of individuals among lineage populations. Nucleotide diversity (p), with SD in italics below; Tajima's D, with significance P from b-distribution; Fu's F S , with significance P from 1000 coalescent simulations; mismatch Tau (s) with 95% confidence interval, sum of squared deviations from model distribution (SSD) and Harpending's raggedness index (ri), with associated P-values derived from 10 000 coalescent simulations.
indicating that its most recent population expansion was initiated prior to the LGM. The Bayesian skyline models, derived from the individual coalescent genealogies for each lineage, show the effective female population size (N ef ) from the median tMRCA of the respective lineage to the present (Fig. 4) . Although the south-eastern, central, and peripheral lineages appear to have originated during the cold stage towards the end of the Weichselian glaciation, the demographic expansion of the south-eastern lineage was earlier than that of the other two lineages, approximately 14-15 kya, which coincides with the sudden and rapid warming of the climate approximately 14.7 kya (Steffensen et al., 2008) . However, the central and peripheral lineage populations did not expand until approximately 8-9 Kya, following the establishment of the Holocene interglacial, approximately 10.7 kya (Steffensen et al., 2008) . Demographic expansion of the African lineage closely followed its time of origin, beginning approximately 7 kya, as expected for an introduction to a new location. There is no signal of demographic expansion in the Channel Island lineage population, although the sample size was very small (N = 5). The population of the Sicilian lineage underwent a relatively gradual expansion, beginning sometime after its estimated time of origin, and coinciding with the period when the climate changed from its LGM minimum (approximately 21 kya) to its Holocene maximum (after 10 kya).
Although the overall genetic structure was clearly defined (Figs 1 and 3) , and most of the variation was partitioned between the six lineages (Table 1) , there was no discernible geographical structure within them. However, 68 different haplotypes were found in more than one geographical location (see Supporting information, Table S2 ) and pairwise geodesic distances between locations with the same haplotype ranged up to 2331 km. Of the 68 shared haplotypes, 14 were present on more than one land mass (see Supporting information, Table S4 ). Three of these haplotypes, all of them from the central lineage, were present on both the European mainland and the Fennoscandian peninsula, which were connected by land bridges between 12.7 and 13.1 kya and from 10.3 to 12.1 kya, prior to the formation of the Baltic Sea (Herman et al., 2014 ; based on Bj€ orck, 1995a, b) . Another two of the shared haplotypes were found on closely adjacent islands that might have been united with each other at some point after the last glaciation: Westray with mainland Orkney; Walney with Piel and Sheep Islands off north-western England. However, for the 12 remaining shared haplotypes, connections between their current locations would have required sea crossings, given the consistently high post-glacial sea levels around north-western Europe and the British Isles (Sturt, Garrow & Bradley, 2013 ). All of these potential overseas connections are between the British Isles, Iceland, and the southern part of the Fennoscandian peninsula (see Supporting information, Fig. S3 ).
DISCUSSION
Our new phylogeographical data confirm the earlier finding (Michaux et al., 2003) that the main genetic split in the wood mouse runs from the Alps to central Ukraine (Fig. 2) . However, the higher resolution of the larger dataset, especially in the northern and marginal parts of the range, demonstrates that the main genetic group to the north and west of the split (subclade 2b of Michaux et al., 2003) comprises two distinct and well-supported lineages, named here as the central and the peripheral, which have clearly different but overlapping distributions.
The identification of these two lineages gives rise to the most important new insight of the present study: that the mainland European population of the wood mouse has emerged from a combination of three glacial refugia, two of them somewhere in south-eastern and south-western Europe, and the third in a more northerly location. This interpretation is based on the present distributions of the south-eastern lineage, the central lineage that ranges from the Iberian peninsula north to Scandinavia, and the peripheral lineage that is confined to more northerly parts of the continent (Fig. 2) . Unfortunately, the data are insufficient to give any indication of the precise locations of these putative glacial refugia. The existence of two southern refugia, in Iberia and south-eastern Europe, was inferred in earlier studies of the wood mouse (Michaux et al., 2003 , although the presence of a northern refugium was not established. However, as stated earlier, the prevalence of northerly refugia was not generally recognized until relatively recently, and the phylogeographical pattern inferred here, with survival of lineages in a combination of southern and northern refugia, has now been found in a number of Eurasian rodents and other small mammals (Deffontaine et al., 2005; Vega et al., 2010; McDevitt et al., 2012) .
Although the presence of a northerly refugium has not previously been identified from genetic variation in the wood mouse itself, the existence of this refugium was predicted in a comparative phylogeographical study of the wood mouse and one of its parasites (Nieberding et al., 2004 . The nematode Heligmosomoides polygyrus (Dujardin, 1845) is a direct (without intermediate host) and specific endoparasite of the wood mouse, and it is therefore expected that genetic variation in their naturally occurring populations would be closely aligned. Refugia for both species were initially considered to be located in southern European peninsulas (Nieberding et al., 2004) . However, additional genetic structure was subsequently identified in populations of H. polygyrus cyt b, based on samples from Ireland and Denmark, and this was attributed to the presence of an unidentified refugium in a more northerly location . This highlights the potential value of genetic data from parasites, particularly when data from the host are lacking or variation is limited by some factor such as introgression or selection.
The presence of northern and southern refugia may contribute to a general phylogeographical process that has been proposed, whereby northern or outlying locations are now occupied by the first lineages to colonize the continent, whereas more southern or central parts of the range are occupied by other lineages that have subsequently replaced them (Searle & Wilkinson, 1987; Piertney et al., 2005; Searle et al., 2009b) . This process, and the resulting pattern of central and peripheral lineages, may be attributed to specific adaptive features of the lineages (McDevitt et al., 2012; Kotl ık et al., 2014) . Such a model might apply to the wood mouse, given the distributions of the peripheral and central lineages, which we have therefore named accordingly. If this were the case, the peripheral lineage may have been first to colonize central and northern Europe, but has subsequently been replaced by the central lineage in much of north-western and central Europe, although some 'relict' individuals remain scattered there. The median tMRCAs of the peripheral and central lineages (16.363 and 22.254 kya, respectively) (Table 3 ) appear to conflict with this interpretation, although these dates reflect the coalescence of each lineage whereas their demographic expansions were more closely aligned (beginning after 10 kya) (Fig. 4) . If the central lineage began to expand contemporaneously from a more southerly location than the peripheral lineage, then it is conceivable that it would follow in the wake of latter and only partially replace it.
It has been demonstrated consistently, using directly and indirectly dated molecular data, that molecular clock rates are time=dependent, over the timescales that apply to studies of intraspecific genetic variation such as the present one (Ho et al., 2005 (Ho et al., , 2011 (Ho et al., , 2015 Ho & Larson, 2006) . In the absence of dated ancient DNA from the wood mouse itself, the need for calibration from contemporaneous events was met here by the application of a cyt b clock rate that was estimated using directly radiocarbon dated post-glacial remains from another rodent (Mart ınkov a et al., 2013). Similar clock rates to the one used in the present study (3.27 9 10 À7 substitutions site À1 year À1 ) have been inferred for another species of rodent in Europe, Microtus agrestis (Linnaeus, 1761), by comparing mitochondrial genetic variation with external events (Herman & Searle, 2011; Herman et al., 2014) , and such clock rates have also been applied to house mouse colonization (Rajabi-Maham, Orth & Bonhomme, 2008; Machol an et al., 2012) . Notably, similar clock rates have been obtained with dated ancient DNA from a wide range of mammals and birds (Ho, Kolokotronis & Allaby, 2007) .
That rate is between two and three times higher than the rates (0.9-1.2 9 10 À7 substitutions site À1 year À1 ) that were estimated for A. sylvaticus cyt b in the most recent phylogeographical study of the species (Lalis et al., 2016) . However, these were estimated from inferred splits between A. sylvaticus, A. flavicollis, and Apodemus mystacinus. Although those estimates were obtained from variation at third codon positions alone, this may not have been sufficient to account for all of the rate decay. The rate used here is also two times higher than recently estimated cyt b clock rates for Apodemus argenteus (1.1-1.6 9 10 À7 substitutions site À1 year
À1)
and Apodemus speciosus (1.2-1.7 9 10 À7 substitutions site À1 year À1 ), obtained by relating the timing of demographic expansions in the Japanese archipelago to post-glacial climate (Suzuki et al., 2015) . This approach of calibration to external events has been applied elsewhere, such as with river catchments (Burridge et al., 2008) and land bridges (Herman & Searle, 2011; Herman et al., 2014) , and therefore, as an Apodemus rate, may be more reliable than the Microtus rate that we used. We have therefore considered the effect on our results, had we applied a clock rate (1.4 9 10 À7 substitutions site À1 year À1 ) based on that obtained by external calibration of genetic variation in Apodemus (Suzuki et al., 2015) .
The directly dated Microtus molecular clock calibration leads to the following scenario:
The three mainland European lineages of wood mouse all originated around the time of the LGM (approximately 21.0 kya), presumably within bottlenecked populations that survived the LGM in three separate refugia. The subsequent demographic expansions of these three lineages are evident from the mismatch distributions (see Supporting information, Fig. S2 ), neutrality statistics (Table 2) , and the skyline plots of population size (Fig. 4) . Such expansions are, of course, expected in populations that must have occupied their present ranges in response to the climatic changes after the last glaciation. The demographic expansion of the south-eastern lineage began when the climate rapidly warmed at the beginning of the Bølling-Allerød interstadial (approximately 12.9 to 14.7 kya), which marked the end of the Weichselian glaciation. Presumably this lineage was soon able to occupy most of its present range (Fig. 2) because it is confined to the southern part of eastern Europe, from Italy to Ukraine.
However, the populations of the central and peripheral lineages did not expand until 5000 years later, after the beginning of the Holocene interglacial. A similar situation has previously been found in the field vole M. agrestis (Linneaus, 1761), another Eurasian rodent, where the six extant cyt b lineages appear to have expanded at the beginning of the Holocene (Herman & Searle, 2011) . These field vole lineages are assumed to have originated within geographically dispersed refugia at the time of the Younger Dryas (Herman & Searle, 2011) , the cold period which separated the Bølling-Allerød from the Holocene (approximately 11.7 to 12.9 kya; Steffensen et al., 2008) . Although the central and peripheral lineages of the wood mouse originated at an earlier time, around the LGM (approximately 21.0 kya), their populations may also have gone through bottlenecks at the Younger Dryas climatic minimum, in which case these single locus skyline plots would only recover the most recent expansion subsequent to this event. The partial replacement of the peripheral lineage by the central lineage would then have occurred during the Holocene expansion of the two lineages after the Younger Dryas.
This scenario can be contrasted with that based on the Apodemus clock rate:
The Apodemus clock rate (Suzuki et al., 2015) is approximately 2.3 times lower than the Microtus rate that we used, and would have led to time estimates increased by that factor. The resulting tMRCAs for the three mainland European lineages (approximately 38-52 ka) might conceivably relate to population bottlenecks at earlier temperature minima within the Weichselian glacial period (Johnsen et al., 2001) . Although the subsequent demographic expansions of the central and peripheral lineages would then broadly coincide with the post-glacial climatic warming after the LGM, the somewhat earlier expansion of the south-eastern lineage would be aligned with the coldest period towards the end of the Weichselian (Johnsen et al., 2001) and there would be no post-glacial signal of expansion in this lineage. The scenario based on the Apodemus clock rate fits poorly with expectations in terms of population expansions, and we consider that the scenario based on the Microtus rate is much more realistic and so we continue to follow that here.
Although the overall phylogeographical pattern suggests that the mainland European wood mouse population is composed of three maternal lineages that colonized the continent from separate glacial refugia, it is nevertheless difficult to associate these putative refugia with any specific locations. Fossil remains of the wood mouse have been recorded from LGM sites in the eastern Pyrenees, northern Spain, the Dordogne region of southern central France, and from north-eastern Italy, to the south-east of the Alps (Sommer & Nadachowski, 2006) . In addition, there are sporadic records of wood mouse from the Carpathian basin around the time of the LGM, although the species does not make a substantial contribution to the fauna there until the Holocene (Pazonyi, 2004) . Only one of these refugia, in northeastern Italy, can be placed within the exclusive range of a lineage, the south-eastern. The eastern Pyrenees are a possible source of the central lineage, given their location on the edge of the Iberian peninsula, while the Dordogne or the Carpathians might be the source of the peripheral lineage. Nevertheless, it is interesting that the wood mouse has only rarely been found in Carpathian sites from the LGM, from where other temperate species have been inferred to have colonized Europe after the last glaciation (Kotl ık et al., 2006; W ojcik et al., 2010; McDevitt et al., 2012; Stojak et al., 2015) . Tentative support for the Dordogne as the refugium for the peripheral lineage is provided by species distributional modelling (Fløjgaard et al., 2009) because their reconstruction of suitable LGM habitat for the wood mouse included the Mediterranean coast of France, which is quite close to the Dordogne but did not include the Carpathian basin. According to the species distribution model, potentially suitable LGM habitat was also present in the Iberian peninsula, now occupied only by animals from the central lineage, and in the current exclusive range of the south-eastern lineage.
The genetic divergence of wood mice from Sicily has previously been noted (Michaux et al., 1998 (Michaux et al., , 2003 and the Sicilian lineage does indeed appear to be older than the others, based on both its mitochondrial genetic diversity and time of coalescence (approximately 29 kya). The delay in the onset of its demographic expansion, until approximately 8000 years later, might conceivably be a result of the limited availability of suitable habitat on the island before the climate began to warm after the LGM. It is much earlier than the expansions of the other lineages, although this is not surprising, given its Mediterranean location, whereas the expansion of the other lineages would have been constrained until later by the climatic conditions further north in the continent. Application of the clock rate inferred for Apodemus (Suzuki et al., 2015) would place the tMRCA of the Sicilian lineage at approximately 68 kya, which coincides with temperature minima around Marine Isotope Stage (MIS) 4 (Johnsen et al., 2001) and is therefore plausible. However, the gradual rise in the population size (Fig. 4) would have lasted from approximately 25 to 50 kya, within the Weichselian glacial period.
The timescale for closure of the Messina Strait, based on sophisticated geophysical models, demonstrates the existence of a land-bridge between Sicily and the Italian mainland from approximately 17 to 27 Kya (Antonioli et al., 2012 (Antonioli et al., , 2014 , With the radiocarbon dated Microtus clock rate, the median tMRCA of the Sicilian lineage is about two thousand years earlier than the appearance of the land-bridge, although the connection was present within the 95% highest posterior density (HPD) interval of the tMRCA (19.6 to 40.5 kya). With the clock rate derived from Apodemus, the most recent 95% confidence limit for the tMRCA of the Sicilian lineage was approximately 46 kya, which is well before the time of the land bridge. However, there is fossil evidence of wood mice from Sicily that has been dated at approximately 32 AE 4 kya (Bonfiglio et al., 2008) , prior to the presence of the land-bridge, and it therefore appears that wood mice, although not a part of the original endemic island fauna, were able to reach the island with the early influx of mainland species in the late glacial (Bonfiglio et al., 2001 (Bonfiglio et al., , 2002 (Bonfiglio et al., , 2008 .
Although the isolated wood mouse population of Sicily appears to have arrived by some other means, the African and Channel Island lineages were most likely introduced accidentally to these outlying locations by human agents, following their original overland colonization of mainland Europe. These two lineages are much more recent in origin than the mainland or Sicilian ones, with median tMRCA estimate of approximately 7.4 kya and 5.6 Kya respectively (Table 3) , based on the radiocarbon dated Microtus molecular clock rate (Mart ınkov a et al., 2013). The African lineage is closely related to the central lineage (Fig. 3) , the only one found in the Iberian peninsula (Fig. 2) , suggesting that the wood mouse reached North Africa from there, rather than elsewhere in southern Europe. The demographic expansion of the African lineage followed closely after its origin (Fig. 4) . Furthermore, the relative timing of expansions in different North African locations, inferred from mismatch analyses of cyt b sequences, provide evidence of an earlier introduction to Morocco than Algeria, suggesting that the wood mouse colonized the continent via the Strait of Gibraltar (Lalis et al., 2016) . The dates of the earliest wood mouse fossils from the Maghreb, recovered in the Tingitana Peninsula of Morocco (6-7.5 kya) and in Algeria (2.5-4 kya) fit well with these relative times of expansion (Lalis et al., 2016; sensu Stoetzel, 2009 sensu Stoetzel, , 2013 . However, with the clock rate inferred for Apodemus (Suzuki et al., 2015) , the tMRCA of the African lineage would be approximately 17 Kya, indicating that the species colonized the continent immediately after the last glaciation, and pre-dating the fossil evidence.
The close relationship between the African and Channel Island lineages can most reasonably be explained by an introduction from one location to the other, most likely from Africa to the Channel Islands, or introduction to their present locations from a common source. If the latter, there is no precise indication of where this might be, although it would most likely be located within the Iberian peninsula. With the radiocarbon dated clock rate, the inferred timing of the introductions to the Channel Islands (approximately 5.6 Kya; median tMRCA) suggests that the mice may have been translocated by Neolithic people but, given the 95% HPD interval of the tMRCA (1.3-11.5 kya), later introductions are also possible. Interestingly, introductions around 3 kya between the Mediterranean and north-western Europe (Britain, northern France and nearby areas) have been suggested for the house mouse (Jones et al., 2013) . Using the Apodemus clock rate (Suzuki et al., 2015) , the wood mouse would have been introduced to the Channel Islands approximately 11.5 kya, before the Neolithic.
Although most of the genetic variation was partitioned among the six lineages, a substantial proportion (23%) was a result of the differences among the sequences within them. However, despite their overall variability, little geographical structure was discernible within the lineages and closely-related sequences were frequently obtained from widely separated localities, sometimes at opposite ends of the species' range. This pattern is remarkable for a small mammal, once again suggesting that wood mice have a high capacity for dispersal. Despite the lack of geographical structure within lineages, it is possible to gain some information about the pattern of colonization from the presence of specific haplotypes at more than one location. In most cases, this could be attributed to natural overland colonization, although this might (in some cases) have been mediated by humans. The movement of animals between some shared locations would involve water crossings (see Supporting information, Fig. S3 ), sometimes between islands that have been separated throughout the post-glacial period (Sturt et al., 2013) . Dispersal to or from these islands must surely be a result of human activity, and so sharing of haplotypes between these locations provides a means to examine the effect of human influence, overlaid upon the otherwise natural distribution of the species.
All of the inferred translocations relating to presence of specific haplotypes in more than one location and definitively involving water crossings were between the British Isles, Iceland and the southern part of the Fennoscandian Peninsula (see Supporting information, Fig. S3 ), which might implicate Norse Viking settlers in the process. This has previously been proposed for the wood mouse (Berry et al., 1967; Berry, 1969 Berry, , 1973 and for the house mouse (Searle et al., 2009a; Jones et al., 2012 Jones et al., , 2013 . A similar hypothesis has also been put forward to explain the presence of Scandinavian mtDNA haplotypes in Irish badgers Meles meles (Frantz et al., 2014) . Wood mice probably reached Iceland with Norse people because historical documentation indicates that they were the first people to colonize the island, approximately 1100 years BP (Smith, 1995; Price & Gestsd ottir, 2006) . However, as the islands around Britain have been occupied since the Mesolithic (Corbet, 1961) , animals could have been translocated at any time since then, and this is reflected in the presence of the peripheral lineage throughout the British Isles. The lack of observed mitochondrial genetic structure across the wide ranges of the central and peripheral lineages, and the presence of the wood mouse on so many islands (Montgomery, 1999b) , together show that the species has a high capacity for dispersal by human agency. It therefore appears likely that wood mice have been transferred repeatedly between locations throughout the Holocene, in what is probably an ongoing process. Interestingly, it is the subsequent translocations between the British Isles and Scandinavia, identified here through mitochondrial haplotype sharing, rather than the background of common ancestry between all of the peripheral lineage, that was identified in the earlier work based on non-metrical skeletal characters (Berry et al., 1967; Berry, 1969 Berry, , 1973 .
The phylogeography of the wood mouse provides an interesting contrast with that of the house mouse. It appears to have survived the LGM in three mainland European locations, together with another population on the island of Sicily. The initial colonization of the mainland European continent by the wood mouse was apparently the result of a natural post-glacial expansion into newly available habitat and this was followed by a phase of further, human-mediated, introductions to numerous islands and otherwise inaccessible locations around the western and southern margins of the continent. The house mouse was a later arrival in Europe, introduced from its natural range in the east in conjunction with the gradual spread of human agriculture, conurbations, and trade (Bonhomme et al., 2010) . Although it too has been introduced to many islands on the margins of Europe, originally by Norse or Danish Vikings in the case of those around the Atlantic coasts, it has subsequently been carried all over the world as a true commensal (Jones et al., 2013) . The wood mouse, despite its capacity for human dispersal, has progressed little further than the margins of its natural range, presumably because it is anthropophilic, rather than a true commensal like the house mouse (Hulme-Beaman et al., 2016) . Figure S1 . Maximum likelihood (ML) tree for wood mouse sequences (monophyletic clade collapsed), together with four Apodemus outgroup and four wood mouse numt sequences (GenBank reference numbers shown). Branch supports are SH-aLRT obtained with PHYML, version 3.0. Figure S2 . Mismatch distributions for six wood mouse cytochrome b (cyt b) lineages. Observed (solid line) and expected (dashed line) distributions of pairwise differences between sequences within lineages. Figure S3 . Connections between locations with the same haplotype. Lines represent connections between all pairs of locations with the same haplotype, where movements between such locations would involve a sea crossing, given the present location of coastlines. Lines coloured according to lineage (Fig. 2) . Locations are collapsed to mean or centroid coordinates within each land mass or archipelago. Coordinates of locations and geodesic distances between them in supplementary information (Table S4 ) and coastline data from OpenStreetMap (http://www.openstreetmap.org). Table S1 . Polymerase chain reaction (P) and sequencing (S) primers used to obtain the new cytochrome b (cyt b) sequences reported in the present study, from frozen or ethanol (EtOH) preserved tissues and from dry tissues or museum skins. Table S2 . Details of 981 cytochrome b (cyt b) sequences from Apodemus sylvaticus. Lineage, GenBank number, voucher (where available) or sample number, haplotype name, cyt b sequence length, locality, WGS84 coordinates and source of material. Sequences differing only by missing base calls treated as distinct haplotypes. Voucher codes refer to collections of the Mammal Research Institute, Polish Academy of Sciences, Białowie _ za (MRI.PAS) and National Museums of Scotland, Edinburgh (NMS.Z). *New sequences from the present study. Table S3 . Prior parameter distributions from coalescent genealogy sampling with BEAST, version 2.3.1. Linked substitution and clock model parameters, unlinked tree parameters. Table S4 . Locations with the same haplotype. Geographical coordinates for locations and pairwise geodesic distances between them, where movements between such locations would involve a sea crossing, given the present location of coastlines. Locations collapsed to mean or centroid coordinates within each land mass or archipelago.
